FIG. 1. (A)
Restriction map of cosmid 23 which contains the tandem array of mucin pseudogenes (Tcmuc1). Unshaded boxes identify the neo r and amp r resistance genes present in the backbone of the pcosTL vector (Kelly et al. 1994 ) (indicated by the boldface line). The thin line represents the Trypanosoma cruzi genomic DNA insert and hatched boxes represent genes. Arrows show the direction of transcription. The dotted box indicates the non-LTR retrotransposon; the region corresponding to cDNA clone Tc26 (Heath et al. 1990 ) is highlighted in black. The number of Tcmuc1 genes in the array was determined following their isolation in a 30-kb Hind III fragment (sites highlighted in boldface). After partial digestion of the fragment with BamH I, the products were fractionated on a 0.5% agarose gel and subjected to Southern hybridization using a neo r gene as a probe (data not shown). This generated a ladder of bands corresponding to the number of pseudogenes in the array. B, BamH I; E, EcoR I; H, Hind III; S, Sal I. We cannot exclude the possibility that in genomic DNA the array extends beyond the six genes identified here. (B) Inferred amino acid sequences of TcMUC1 and TcMUC3. The sequence of the Tcmuc3 gene was determined after subcloning of the relevant 9-kb BamH I fragment (A). The Tcmuc1 gene was sequenced following subcloning of repeat fragments generated by EcoR I or Sal I digestion (A). The 3Ј-proximal gene was sequenced after recircularization of a 12-kb BamH I fragment that encompassed the cosmid backbone (A). The sequence of TcMUC1X, derived from the Sylvio X10.6 clone (Salazar et al. 1996) , is shown for comparison. Dots identify conserved residues and dashes represent gaps in the sequence to allow optimal alignment. The serine residue that conforms to the consensus GPI anchor addition site is shown in boldface. The asterix (*) present in domain II of the TcMUC1 sequence indicates the position of the internal stop codon. The mucin peptide sequence can be separated into four distinct domains as follows; I, amino-terminal leader peptide; II, "hypervariable" region; III, threonine-rich region; IV, carboxyl-terminal region. genomic DNA hybridized with a full-length mucin gene probe (left) or a 160-bp Tcmuc1-specific probe (right). The gene-specific probe was generated from the Tcmuc1 hypervariable domain (II; Fig. 1B ) by PCR using primers 5Ј-ACTGGTGAAGTCAACCTC and 5Ј-TGCACCTTAACAGATTCC. B, BamH I; E, EcoR I; P, Pst I; S, Sal I. (B) Chromosomal location of the Tcmuc1 array. Chromosomal DNA from the CL Brener clone was separated on a 1% agarose gel using a Bio-Rad CHEFE mapper autoalgorithm set for 0.45-1.20 Mb. After transfer, parallel strips were hybridized with (I) a full-length mucin gene probe, (II) a Tcmuc1-specific probe (A), and (III) a Tcmuc3-specific probe (this probe was generated by an approach similar to that described for Tcmuc1 (above)). Band sizes are given in Mb. CZ indicates the compression zone which contains multiple chromosome bands. (C) Expression of a Tcmuc1 transcript; 15 g of epimastigote RNA was analyzed by Northern blotting. (I) Ethidium bromide-stained gel slice; (II) full-length mucin gene probe (16 h exposure); (III) Tcmuc1-specific probe (19 days exposure). members). The chimeric nature of this gene (referred to as Tcg2rg; T.
mucins, the only obvious conserved features in the primary sequence of the extracellular domains of the T. brucei variant surface glycoproteins cruzi group II-related gene) could have arisen by segmental gene conversion and may reflect mechanisms by which antigenic diversity (VSGs) are the positions of cysteine residues. These have been postulated to contribute to the conservation of structure in this highly diverse is generated in T. cruzi.
Two distinct mucin gene variants were identified in the cosmid (Figs. group of proteins (Carrington and Boothroyd 1996) . One possibility for the origin of the tandem array is that it is a recent 1a and 1b). One, designated Tcmuc1 (495 bp), was organized as a tandem array of six genes. The other, Tcmuc3 (633 bp), was present event that arose through amplification of a pseudogene. Alternatively, a mutation in one gene of an established array could have been propaas a single copy. Each sequence (Fig. 1b) had the features characteristic of T. cruzi mucins: a putative hydrophobic signal peptide, a nonrepetigated by gene conversion. Since the T. cruzi genome contains multiple mucin variants it is unlikely that the presence of a small number of tive highly divergent region which forms the amino-terminal domain of the mature protein, a central domain rich in threonine, serine and pseudogenes would confer a significant selective disadvantage. Indeed, these pseudogenes may be retained because they are able to contribute proline residues, and a nonrepetitive hydrophobic carboxyl region (Fig.  1b) . The major differences between the two variants were accounted to the mucin gene repertoire through recombination. A similar hypothesis has been suggested to account for the existence of numerous vsg for by the size (180 nucleotides, Tcmuc1; 342 nucleotides, Tcmuc3) and sequence of the region encoding the highly divergent domain (II; pseudogenes in Trypanosoma equiperdum (Thon et al. 1989 ) and other surface protein pseudogenes found in the T. cruzi genome (Takle et Fig. 1b) . In this region of the Tcmuc1 gene we also identified an inframe stop codon (TGA). This stop codon was present in more than al. 1992; Taylor et al. 1999) . 20 subclones generated from the array (see legend to Fig. 1 for details) . No evidence of sequence heterogeneity was detected. To our knowledge this is the first time that a tandem array of pseudogenes has been described in any organism. T. cruzi mucin cDNAs with internal stop ACKNOWLEDGMENTS codons have also been identified by others (Di Noia et al. 1998; FreitasJunior et al. 1998) . In the T. cruzi Y strain a mucin gene has been isolated which differs from Tcmuc1 in only 5 bp. This gene (Accession No. AF027878) does not contain an internal stop codon.
(This work was supported by grants from the Wellcome Trust and To determine the chromosomal location of the pseudogene array we the British Heart Foundation. Clare Allen was in receipt of a studentship generated variant-specific probes from the highly divergent region of from the U.K. Medical Research Council. We thank David Horn and the genes (Fig. 2a) . The Tcmuc1 probe hybridized with high specificity Martin Taylor for comments on the manuscript.) to a Southern blot of genomic DNA and the bands visualized corresponded to the reiterated sequences present in the cosmid (Fig. 1a) . On a Southern blot of chromosomal DNA separated by CHEFE, this probe hybridized specifically to a 950-kb band. The same chromosome was also identified with a Tcmuc3-specific probe (Fig. 2b) . On Northern REFERENCES blots of epimastigote RNA we were able to detect a transcript of approximately 800 bp using the Tcmuc1 probe, but only after a long exposure (Fig. 2c) . This was confirmed by reverse transcriptase-PCR Almeida, I. C., Ferguson, M. A. J., Schenkman, S., and Travassos, L. R. (RT-PCR) using one oligonucleotide primer derived from the spliced-1994. Lytic anti-␣-galactosyl antibodies from patients with chronic leader sequence and one specific for the 3Ј end of the Tcmuc1 "hypervaChagas' disease recognise novel O-linked oligosaccharides on muriable" region (data not shown). The expression of pseudogene RNA cin-like glycosylphosphatidylinositol-anchored glycoproteins of in trypanosomatids is not unexpected given the polycistronic nature Trypanosoma cruzi. Biochemical Journal 304, 793-802. of transcription (Graham 1995) . Tcmuc3 transcripts could also be detected by Northern blotting and RT-PCR, and both mucin gene variants Burleigh, B. A., and Andrews, N. W. 1995 . The mechanisms of Trypawere found to be coexpressed in freshly isolated T. cruzi clones.
nosoma cruzi invasion of mammalian cells. Annual Review of MicroThe internal stop codon in Tcmuc1 occurs in the highly divergent biology 49, 175-200. domain of the protein that is predicted to be nonglycosylated and to Cano, M. I., Gruber, A., Vasquez, M., Cortes, A., Levin, M. J., Gonzaform an extended structure on the parasite surface (Salazar et al. 1996;  lez, A., Degrave, W., Rondinelli, E., Zingales, B., Ramirez, J. L., Di Noia et al. 1998) . The presence of similar numbers of synonymous Alonso, C., Requena, J. M., and Franco Da Silveira, J. 1995. Molecuand nonsynonymous substitutions has led to the proposal that the lar karyotype of clone CL Brener chosen for the Trypanosoma cruzi sequence of this region evolves neutrally (Freitas-Junior et al. 1998) .
Genome Project. Molecular and Biochemical Parasitology 71, However, when we examined 31 mucin sequences obtained from the 273-278. database, we found evidence of strong selective pressure against the presence of some amino acids in this "hypervariable" region (region Carrington, M., and Boothroyd, J. 1996. Implications of conserved II, Fig. 1b) . Phenylalanine (0.12%), tryptophan (0.06%), tyrosine (0%), structural motifs in disparate trypanosome surface proteins. Molecuand cysteine (0%) were considerably underrepresented in these selar and Biochemical Parasitology 81, 119-126. quences in comparison to 247 other T. cruzi proteins. Therefore, alDi Noia, J. M., D'Orso, I., Aslund, L., Sanchez, D. O., and Frasch, though T. cruzi appears to tolerate the presence of mucin pseudogenes, A. C. C. 1998. The Trypanosoma cruzi mucin family is transcribed there is selection against residues that could affect the extended conforfrom hundreds of genes having hypervariable regions. Journal of mation of the external hydrophilic region of the protein through the Biological Chemistry 273, 10843-10850. formation of either globular domains or disulfide bonds. In contrast to the lack of cysteine residues in this divergent region of the T. cruzi Di Noia, J. M., D'Orso, I., Sanchez, D. O., and Frasch, A. C. C. 2000.
